We present strongly improved electroweak precision constraints on the split-UED model. We find that the dominating effect arises from contributions to the muon decay rate by the exchange of even-numbered W boson Kaluza-Klein modes at tree-level, which so far have not been discussed in the context of UED models. The constraints on the split-UED parameter space are translated into bounds on the mass difference of the first Kaluza-Klein mode of fermions and the lightest Kaluza-Klein mode, which will be tested is the LHC.
In models with one universal extra dimension (UED) [1] , all of the Standard Model particles are promoted to five-dimensional fields, propagating in a flat extra dimension (for earlier ideas closely related to UED models see Ref. [2] ). In order to allow for the existence of chiral fermions at the zero-mode level, the extra dimension is chosen as an S 1 /Z 2 orbifold. We parameterize its fundamental domain as x 5 ≡ y ∈ [−πR/2, πR/2]. The setup is symmetric under reflection at y = 0, which implies a conserved Z 2 parity, so-called Kaluza-Klein (KK) parity. One consequence of KK parity is that first KK mode particles can only be produced or annihilated in pairs. Among other consequences, this leads to a relatively weak bound on the KK mass scale M KK ≡ 1/R of only M KK > ∼ 600 GeV from flavor constraints [3] , and M KK > ∼ 750 (300) GeV for m h = 115 (750) GeV [4] [5] [6] from electroweak precision tests. Studies of the discovery reach of the first year LHC data suggest a bound of M KK > ∼ 700 GeV [7] . Furthermore, KK parity guarantees the stability of the lightest KK particle (LKP), thus providing us with a potentially viable dark matter candidate [8] . For a review of the UED model and its phenomenology, see Ref. [9] .
The dark matter and the collider phenomenology of the UED model strongly depends on the detailed KK mass spectrum. The KK mass spectrum is modified when either operators at the orbifold fixed points [10] (in socalled "non-minimal UED") or 5D fermion mass terms [11] (in so-called "split-UED") are taken into account. In both scenarios, not only the KK mass spectrum but also the couplings between KK particles are modified. In particular, the couplings of zero-mode fermions to even-numbered KK mode gauge bosons are generically non-zero, even at tree-level. [23] Such couplings imply schannel production and decay of the second KK mode gauge bosons at the LHC, which would result in Z -, W -, and coloron-like signatures in di-lepton and di-jet channels [12] [13] [14] .
In this letter, we discuss the implications of the altered mass spectrum and couplings of split-UED for constraints from electroweak precision tests. [24] In the split-UED model, five-dimensional fermion mass terms
are introduced for all fermions Ψ = (Q, U, D, L, E). In order to preserve KK parity, the mass terms are chosen to have a KK parity-odd profile, which is taken to be proportional to the Heavyside step function [11] . For simplicity, we assume a universal 5D mass for all fermions
Let us summarize some results from Ref. [13] , which are relevant for our analysis. The zero-mode fermions remain massless after KK decomposition. They only acquire a mass m f from spontaneous symmetry breaking via the Yukawa potential. The masses of the fermions at the first KK level follow from
where k 1 is determined as the smallest positive solution of [13] 
At all even-numbered KK levels one finds m
f . At odd-numbered KK levels above the first level, the fermion masses squared are m
th solution of Eq. (3), irrespective of whether µ is larger or smaller than 2/πR. The zero-mode fermions couple to gauge bosons at even-numbered KK levels with a relative coupling strength of [13] g 002n g 000 = (µR) 2 1 − coth
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where g 000 is identified with the respective SU (3), SU (2), and U (1) Y Standard Model couplings. The couplings between zero-mode fermions and gauge fields at oddnumbered KK levels vanish due to KK parity. Let us also point out that no KK number violating couplings between zero-mode gauge bosons and KK mode fermions exist. [26] After this summary of the KK masses and couplings, let us now turn to electroweak precision constraints. The constraints on the minimal UED model from electroweak precision tests have been studied in Refs. [4] [5] [6] by calculating the UED contributions S U ED , T U ED and U U ED to the Peskin-Takeuchi parameters [15] at one-loop-level. The leading contributions are [4] [5] [6] 
The terms proportional to ζ(2) and ζ(4) arise from sums over all KK Higgs loops and KK gauge loops. For the KK top loop contributions, we wrote out the explicit sum, because we will use the expressions above for split-UED, where the KK top masses are altered, such that the KK top loop contributions will not sum up to ζ(2). In minimal UED, the treatment in terms of oblique corrections is justified because vertex corrections are suppressed by α as compared to Eqs.(6-8) [4] . In split-UED, the same argument holds true, and the split-UED result is obtained by the simple replacement of (n/R) 2 with k 2 n + µ 2 in the top-loop contributions in Eqs. (6, 7) . [27] The above result holds for split-UED if the underlying electroweak parameters of the model are correctly identified in terms of the experimentally observed Fermi constant G f , the fine-structure constant α at the Z-pole, and the Z mass m Z . For this matching, the couplings given in Eq. (5) play a central rôle. In split-UED, all even-numbered W KK modes contribute to the decay rate of the of the muon. The calculation of the Fermi constant yields
f is just the contribution from the W zero-mode, while δG f denotes the sum of the contributions from all nonzero W KK modes. [28] These contributions can be considered as corrections to a generalized gauge boson propagator, which includes the poles of all gauge boson KK modes. As we assumed equal 5D mass terms for all quarks and leptons, the couplings given in Eq. (5) are universal, and a treatment in terms of oblique parameters is still viable -with one important modification: When performing a fit to the electroweak data at or near the Z-pole, the W zero-mode is near its pole while all W KK modes are off-resonance. Therefore, S U ED , T U ED and U U ED depend only on G 0 f , and not on the experimentally measured value G f , which differ by δG f . As has been shown in Ref. [16] in the context of RandallSundrum models, such corrections to G f can be incorporated into the electroweak fit by matching the experimentally determined values of the new physics contributions S N P , T N P and U N P to effective parameters [29] S ef f = S U ED ,
Using the expression for δG f from Eq. (10) We numerically calculate S ef f , T ef f and U ef f in the µR vs. R −1 parameter plane at the reference point (12), we obtain the 68%, 95% and 99% confidence level contours in the split-UED parameter space, which are shown in Fig. 1 . For negative µ, the KK neutrino becomes the lightest KK particle and thereby the dark matter candidate of the model. However, KK neutrino dark matter is excluded for 1/R 50 TeV [17] . [30] The contours for µ ≥ 0 can be qualitatively understood as follows: For m h = 120 GeV, the Standard Model limit R −1 → ∞ at µ = 0 is in agreement with the electroweak bounds. When decreasing R −1 , the UED loop contributions S U ED and T U ED increase, whereby T U ED yields the dominant contribution to χ 2 . This leads to a lower bound on R −1 at µ = 0. For µ > 0, T ef f obtains a negative contribution which partially cancels the positive T U ED , thereby allowing for lower values of R −1 . However, for increasing µ, U ef f increases, and eventually exceeds the bound on U N P .
Using Eq. (3), we can translate the constraints from Fig. 1 into bounds on the first KK mode fermion mass scalem f (1) = µ 2 + k 2 1 .m f (1) corresponds to the treelevel mass m f (1) of Eq. (2) up to Yukawa contributions, which are negligible for all fermions apart from the top. Fig. 2 shows the bounds on the relative mass splitting between the first KK mode fermions and the lightest KK particle (m f (1) − m LKP )/m LKP as a function of R −1 . For the phenomenologically viable parameter region, the LKP is the first KK excitation of the U (1) Y gauge boson with m LKP = R −1 . To use these bounds for comparison with physical masses, let us point out that loop contributions to the fermion KK masses can be sizable. As has been shown in Ref. [18] for minimal UED, the masses of the first KK mode quarks and leptons are raised by 0.2/R and 0.05/R at one-loop-level, and similar results are to be expected in split-UED. This would imply that the constraint on the relative mass difference of the physical KK fermion masses and the LKP at the first KK level is weaker by 20% ( 5%) for KK quarks (fermions) than the values form f (1) shown in Fig. 2 . A full one-loop analysis of the KK fermion masses is beyond the scope of this letter, so that the above is left as an estimate on the error of the bounds given in Fig. 2 .
Summary and Outlook: We presented constraints on the split-UED parameter space with a universal 5D mass parameter µ from the electroweak precision observables S, T and U . We found that corrections to the muon decay rate due to the exchange of even KK mode W bosons lead to the dominant contributions to the effective T and U parameter. The resulting bounds on the split-UED parameter space shown in Fig. 1 are substantially improved. In particular, these constraints already exclude a substantial part of the split-UED parameter space currently tested in Z [13] and W searches [14] in the di-lepton channel at the LHC.
We translated this bound into a constraint on the relative difference between the masses of the first KK mode fermions and the LKP, which yields a prediction for a split-UED spectrum at LHC. We thereby showed, that even if 5D fermion mass terms are included, the UED spectrum must retain a certain degree of mass degeneracy, implying that the split-UED mass spectrum differs from typical SUSY spectra.
For the constraints presented here, we assumed a universal 5D mass parameter for all fermions. If one allows for different mass parameters µ L for leptons and µ Q for quarks, the bound on µ Q can be substantially weakened, because for µ L = 0, the couplings of the muon to non-zero KK W modes vanish, and muon decay only proceeds via the W zero-mode. [31] However, µ L = 0 also implies that the second KK modes of the electroweak gauge bosons cannot contribute to s-channel exchange in the di-lepton channel, which serves as one of the main search channels for UED and its extensions.
